We propose a model with two Higgs doublet where quark and charged-lepton masses in the first and second families are induced at one-loop level, and neutrino masses are induced at the twoloop level. In our model we introduce an extra U (1) R gauge symmetry that plays a crucial role in achieving desired terms in no conflict with anomaly cancellation. We show the mechanism to generate fermion masses, the resultant mass matrices and Yukawa interactions in mass eigenstates, and discuss several interesting phenomenologies such as muon anomalous magnetic dipole moment and dark matter candidate that are arisen from this model. * Electronic address: nomura@kias.re.kr † Electronic address: macokada3hiroshi@cts.nthu.edu.tw
I. INTRODUCTION
Radiatively induced mass scenarios have widely been applied to various models and successfully been achieved as theories at low energy scale (∼TeV) that induce masses of light fermions such as neutrinos, include dark matter (DM) candidate, and explain muon anomalous magnetic dipole moment (muon g − 2) without conflicts with various constraints such as flavor changing neutral currents (FCNCs), lepton flavor violations (LFVs), and quark and lepton masses and their mixings. Thus a lot of authors have historically been working along this ideas. Here we classify such radiative models as the number of the loops, i.e., refs. mainly focusses on the scenarios at one-loop level, and refs. at two-loop level. Moreover, refs. [126] [127] [128] discuss the systematic analysis of (Dirac) neutrino oscillation, charged lepton flavor violation, and collider physics in the framework of neutrinophilic and inert two Higgs doublet model (THDM), respectively.
One of the mysteries in the standard model (SM) is the hierarchical structure of fermion masses in both quark and lepton sectors, which indicates large hierarchy of the Yukawa coupling constants. In particular, masses of the SM neutrinos are very small compared to the other fermion masses. It is thus challenging to understand the hierarchical structure of fermion masses applying a scenario of radiatively induced mass; some attempts to resolve flavor hierarchies in THDM are found, for example, in Refs. [129] [130] [131] [132] .
In this paper, we propose a new type of THDM scenario that can explain the small fermion masses in the SM, i.e., the first and second families in the quark and charged lepton sectors, and the tiny masses of active neutrinos, by applying a radiatively induced mass mechanism.
Here the second isospin doublet Higgs has small vacuum expectation value (VEV), which provides such lighter fermion masses in the first and second families, while the SM-like Higgs provides the mass of third family fermions in the SM; top quark, bottom quark, and tauon.
To realize such a small VEV and family dependence, we impose a U(1) R gauge symmetry in family dependent way and introduce extra scalar fields with U(1) R charges. Then the VEV of second Higgs doublet is induced at the one-loop level, which could be an appropriate reason of the smallness due to the loop suppression. In addition, active neutrino masses are induced at two-loop level with the canonical seesaw mechanism. As a bonus of introducing the extra scalars, we can also explain the muon g − 2, and obtain a dark matter candidate, as is often the case with radiatively induced mass models. 
, where each of the flavor index is defined as α ≡ 1 − 3 and i = 1, 2. This paper is organized as follows. In Sec. II, we show our model, and establish the quark and lepton sector, and derive the analytical forms of FCNCs, LFVs, muon anomalous magnetic dipole moment. We conclude and discuss in Sec. III.
II. MODEL SETUP
In this section, we introduce our model, analyze mass matrices in quark and lepton sector and discuss some phenomenologies. First of all we impose an additional U(1) R gauge symmetry, where only the first and second families of right-handed SM fermions and N R have nonzero charge x, where N R constitutes Majorana field after the spontaneous U(1) R gauge symmetry breaking. All of the fermion contents and their assignments are summarized in Table I , in which i = 1, 2 and α = 1 − 3 represent the number of family. Notice here that the number of family for N R is two, since the anomaly arising from U(1) R gauge symmetry cancels out in each of one generation [73, 121] .
For the scalar sector with nonzero VEVs, we introduce two SU(2) L doublet scalars Φ 1 and Φ 2 , and two SU(2) L singlet scalars ϕ 1 and ϕ 2 which are charged under U(1) R . Here Φ 1 is supposed to be the SM-like Higgs doublet, while Φ 2 is the additional Higgs doublet with tiny VEV and has non-zero U(1) R charge. For SM singlet scalars, ϕ 1 plays a role in inducing the tiny VEV of Φ 2 at the one-loop level, and ϕ 2 provides the Majorana fermions N R after the spontaneous U(1) R breaking. On the other hand, SU(2) L singlet scalars S, χ, and doublet scalar η are inert scalars because of odd parity under the Z 2 , and they play a role in generating the tiny VEV of Φ 2 by running inside a loop diagram. In addition, the lightest state of these neutral scalars can be a dark matter candidate [28] . All of the scalar contents and their assignments are summarized in Table II , where we assume S to be a real field for simplicity. We also note that massive Z ′ boson appears after U(1) R symmetry breaking. In this paper, we omit detailed analysis for phenomenology of Z ′ and just assume mass of Z ′ is sufficiently heavy to avoid constraints from collider experiments.
A. Yukawa interactions and scalar sector
Yukawa Lagrangian: Under our fields and symmetries, the renormalizable Lagrangians for quark and lepton sector are given by
Scalar potential: In our model, scalar potential is given by
(II.15)
The mass matrices for inert scalar sector are given by
Here we explicitly show the 2 by 2 matrices; O C and O I , as where c a ≡ cos a and s a ≡ sin a, and we define v ≡ v 
We note that in THD sector SM-like couplings are preferred for gauge interactions of h SM by the current Higgs data [136] . Note also that a mixing between Higgs and extra scalar singlet modifies the SM Higgs couplings which is tested by the Higgs measurements at the LHC. The mixing angle is constrained as sin θ 0.4 by global analysis in terms of LHC data for SM Higgs production cross section and decay branching ratio [137] [138] [139] [140] . In this paper, we simply assume the mixing is small to satisfy the constraints. In general, we can fit the data by choosing the parameters in the potential accordingly. However the detailed analysis of the constraints is beyond the scope of this paper.
B. Quark sector
In this subsection, we will analyze the quark sector. First of all, let us focus on the Yukawa sector, in which the measured SM quark masses and their mixings are induced.
Up and down quark mass matrices are diagonalized by
, and
, where V ′ s are unitary matrix to give their diagonalization matrices. Then CKM matrix is defined by
where it can be parametrized by three mixings with one phase as follows:
The mass matrix in our form is written in terms of the dominant contribution (M 
. Then we consider the product of the mass matrix given by
t(b) ) αβ , we can rewrite the leading term as
Its resulting mass eigenvalues and mixing matrix are given by
(II. 25) It suggests that the leading term provides the top and bottom masses only. Thus the first and second masses are generated via subleading matrix (M
, where it is arisen at the one-loop level as can be seen in fig. 1 .
The first and second quark mass eigenvalues are calculated by solving the secular equation
where δm qij (i, j = 1, 2) is written in terms of bi-linear combinations of a(b) t(b) and
. The resultant mass eigenvalues and mixing matrix are then given by 
Comparing Eq. (II.21) and Eq. (II.30), one finds the following relations:
.
(II.31)
Since V CKM is close to the unit matrix, one approximately finds to be
Here we take v 2 ≈ 10 GeV to explain the charm mass ∼ 1.3 GeV, which is the maximal mass among the SM fermions except the third SM fermions.
FCNCs: Now that all the mass eigenstates have been derived in the quark sector, we rewrite the interacting Lagrangian in terms of the mass eigenstate as follows:
where a = 1 − 4 should be summed up.
M −M mixing: It is given in terms of the above Lagrangian, where the leading contribution of Y is induced at the one-loop level, which are found in Appendix. While the one of Y ′ and Y ′′ is done at the tree level. Then its resulting form is found to be
The experimental values for the mixing are given in Table III and we −0.074 ± 0.036 by LHCb [148] , which has deviation from the SM prediction. This process is found by the following effective Hamiltonian in our model: [149] , which also has deviation from the SM prediction. This process is also found by the following effective Hamiltonian in our model:
However since all the effective Hamiltonians discussed above depend on the Y
H ± , which are severely restricted by the bounds of M −M mixings. Hence it could be difficult to explain such anomalies in our order estimations.
C. Lepton sector
In this subsection, we will discuss the lepton sector, where neutrinos are canonical seesaw type. Thus the process to induce the mass matrix in the charged-lepton sector is the same as the down-quark sector, by changing b → τ and d → ℓ in the quark sector. The mass
, while the neutrino mass matrix is
, where V ℓ L and U ν are unitary matrix to give their diagonalization matrices. Then MNS matrix is defined by
Then the charged-lepton mass matrix is arisen at the one-loop level as can be seen in fig. 1 , and the resulting form is straightforwardly written as
Following the quark sector, the mass eigenvalues D ℓ ≡ Diag.(m e , m µ , m τ ) and eigenstate are respectively given by
where
, δm ℓ0 , and δm ℓij , (i, j) = 1, 2 is the same as the one of quark sector. Comparing Eq. (II.21) and Eq. (II.36), one finds the following relations:
The neutrino mass matrix is arisen at the two-loop level as can be seen in fig. 2 , and the resulting form is given by 38) where
We apply Casas-Ibarra parametrization [143] to reproduce neutrino oscillation data, then one finds the following relation:
The two loop diagram which induces masses of active neutrinos.
Process (α, β) Experimental bounds (90% CL) References
TABLE IV: Summary of ℓ α → ℓ β γ process and the lower bound of experimental data.
where O(= OO T = 1) is an arbitrary orthogonal matrix with complex values.
LFVs: Now that all the mass eigenstates have been derived in the lepton sector, we rewrite the interacting Lagrangian in terms of the mass eigenstate as follows: Table. IV. The most known processes are ℓ α → ℓ β γ, and its branching ratio is given by
where α em ≈ 1/128 is the fine-structure constant, C αβ = (1, 0.178, 0.174) for ((α, β) = ((2, 1), (3, 2) , (3, 1) ), G F ≈ 1.17 × 10 −5 GeV −2 is the Fermi constant, and a R αβ and a L αβ are computed as
(II.43)
Muon anomalous magnetic dipole moment (g − 2) µ : Through the same process from the above LFVs, there exists the contribution to (g − 2) µ , and its form ∆a µ is simply given by
This value can be tested by current experiments ∆a µ = (28.8 ± 8.0) × 10 −10 [144] . As can be seen in Eq. (II.43), one finds that the first two forms a R(L) 1 give negative contribution, while the others provide positive contribution. Note that from the flavor violation in quark sector, extra scalar bosons are preferred to be heavier than SM Higgs. Thus we here assume the dominant contribution to the muon g −2 and µ → eγ, the stringent constraint BR(µ → eγ), are approximately given by SM Higgs as In our scenario, real scalar S is considered as a DM candidate, where we assume to be no mixing between S and η R that is natural assumption because of v 2 << v 1 .
Our DM candidate S can interact via a Higgs portal coupling S-S-h SM . However the Higgs portal coupling is strongly constrained by the direct detection search at the LUX experiment [145] . We then assume the SM Higgs portal coupling is negligibly small by choosing some parameters in the scalar potential to avoid the constraint from the direct detection. We then consider that S dominantly interacts with one of the extra scalar singlets In case of small mixing limit, it is λ SSHH ∼ λ ϕ 2 S . The relic density of DM is then given by [146] Ωh 2 ≈ 1.07 × 10
where g * (x f ≈ 25) ≈ 100, M P l ≈ 1.22 × 10 19 , and
(II.50) 4 Here we assume DM pair annihilate into H Here s is a Mandelstam variable, and K 1,2 are the modified Bessel functions of the second kind of order 1 and 2, respectively. The observed relic density is Ωh 2 ≈ 0.12 [147] . We show the relic density in terms of the DM mass in Fig. 3 for several values of the coupling constant fixing m H 0 2 = 100 GeV, which suggests that the order one quartic coupling is needed.
III. CONCLUSIONS AND DISCUSSIONS
We have proposed a model with two Higgs doublet Φ 1,2 in which quark and charged-lepton masses in the first and second families are induced at one-loop level and neutrino masses are induced at the two-loop level. In the model we have introduced an extra U(1) R gauge symmetry in family dependent way that plays a crucial role in achieving desired interaction terms in no conflict with anomaly cancellation. The second Higgs doublet Φ 2 is also charged under U(1) R and couples to only the first and second families of right-handed fermions. We have then considered the scenario in which vacuum expectation value of Φ 2 is absent at tree level and induced at one-loop level via spontaneous symmetry breaking of gauge symmetries. In addition, we have analyzed relic density for the dark matter candidate in this model which can be accommodated with observed data.
In the model, rich phenomenologies can be considered such as flavor violating SM Higgs decay and collider physics although we have not discussed. It will be also interesting to investigate difference from other THDMs in detail since we have specific structure of Yukawa couplings where one Higgs doublet couples to third family right-handed fermions and the second doublet couples to other families of right-handed fermion. In addition, we can discuss physics of extra Z ′ gauge boson which comes from our U(1) R . More detailed analysis of the model will be done elsewhere.
